Electroweak precision data constraints on flavor symmetric vector fields are determined. The flavor multiplets of spin one that we examine are the complete set of fields that couple to quark bi-linears at tree level while not initially breaking the quark global flavor symmetry group.
I. INTRODUCTION
The global flavor symmetry group of the Standard Model (SM) is only broken by the Yukawa matrices. As a result, the SM predicts a non-trivial and definite pattern in One way to attempt to reconcile these facts with NP that appears at the ∼ TeV scale is to assume that the NP has a non-generic flavor structure. A popular assumption that can frequently accommodate this tension is to assume that NP has exactly the dominant flavor breaking pattern that has been experimentally established, i.e., that NP that couples to quarks has the same flavor breaking structure as in the SM. This is known as the principle of Minimal Flavor Violation (MFV), which states that there is a unique source of flavor symmetry breaking [5] [6] [7] at scales measurable in flavor physics observables. Another, closely related assumption is that a TeV scale new physics sector is completely flavor symmetric with respect to the quark flavor symmetry group -G F = U(3) Q ×U(3) U ×U(3) D .
Breaking of this flavor symmetry is not completely absent because the quark masses already break G F through Yukawa interactions
and this breaking will appear in loop corrections to the couplings of the NP to quark bilinears. This flavor breaking however will follow the SM pattern and be of an MFV 1 Note that some sets of measurements do show interesting patterns of deviations from the SM, in particular the measurement of the CP violating phase in B s mixing at the Tevatron through dimuon final states and B → J/ψφ; see [1, 2] for related discussions. The recently reported LHC b measurement [3] of B → J/ψφ does not support a NP interpretation of this data, while recent updates to DØ measurements of the same decay [4] are still able to accommodate the large phase required by the dimuon anomaly.
form.
Further flavor breaking can be MFV like or deviate from the pattern expected in MFV.
The top quark is the only quark with an O(1) Yukawa coupling, y t . This large coupling generally forces phenomenologically viable ∼ v scale NP flavor breaking effects ∝ y t to be aligned with the SM flavor breaking. This can be taken to mean that flavor breaking involving the third generation (
should be aligned with the SM. Versions of this scenario are referred to as next to minimal flavor violation in the literature [8] .
The scalar and vector fields that can couple to the SM at dimension four respecting SM gauge symmetry and not breaking G F have recently been classified and studied in some detail [9] [10] [11] . In this paper, we examine oblique electroweak precision data (EWPD) corrections due to the flavor symmetric vector field multiplets of this form in much more detail. We seek to perform as general an analysis of EWPD as possible on phenomenologically interesting flavor symmetric vector fields in this paper, and consequently only consider the (large) G F → H F flavor breaking in the mass spectrum. Sub-dominant flavor breaking could be MFV-like -where all flavor breaking comes with SM Yukawa insertions -or could deviate from the SM pattern of flavor breaking. In the later case, potentially important flavor changing observable based constraints could exist. For oblique EWPD constraints, only the leading flavor breaking we include is expected to be relevant. In fact, we will show that the breaking of G F is not directly related to the breaking of custodial symmetry SU C (2) to the approximation we work to, and thus we can neglect flavor breaking in general when considering oblique EWPD constraints. We find that vector masses m v ∼ v are consistent with EWPD in most of the allowed representations, and in certain cases in large regions of parameter space. The allowed vector representations [11] are shown in Table 1 .
Note that interest in flavor symmetric fields has been increased recently due to the ability of a number of these representations to explain the CDF and DØ measurements [12, 13] of an anomalously large tt forward backward asymmetry, A tt F B . Flavor symmetric fields can in principle explain this anomaly in a flavor safe manner [14] . In addition, some fields of this form can potentially explain both the tt anomaly and same sign dimuon anomaly reported in [15] by DØ at the same time [11] .
2
EWPD constrains the vector fields we study through effectively constraining the higher dimensional operators that are present in the theory when the NP is integrated out.
Oblique EWPD constraints can generally be studied by using the STU parameters [17] [18] [19] which assumes that the masses of the new states are ∼ TeV. When considering masses comparable to (or lower than) the EWSB scale, the STUWVX formalism of [20] which does not expand in v 2 /m 2 N P is preferred and can be more constraining [21] . The latter formalism reduces to the STU parameters when large NP scales are present and we will use the STUWVX formalism of [20] in this paper, as we are interesting in studying how light the vector multiplet masses can be.
2 However, it should be noted that recent LHC results on the tt invariant mass spectrum [16] 3 In this section, we construct the gauge sector of these Lagrangians 4 for cases V-XI and determine the contribution of these fields to the self energies of the SM gauge bosons. As massive flavor symmetric vectors are effective fields in a non-renormalizable extension of the SM, we also consider the contribution of higher-dimension operators, which are suppressed by the cutoff scale, Λ, of the effective theory [23] . These operators are necessary to obtain finite oblique corrections in some cases. One naively expects the scaling Λ ∼ 4 π m v , but the separation of these scales can be smaller. Indeed, this might be expected to be the case due to the relatively large number of degrees of freedom in the vector multiplets. As a non-perturbative study is clearly beyond the scope of this initial work, we assume that the operators suppressed by higher powers of Λ that we do not retain are sufficiently suppressed. 
where a = o, s stands for the octet and singlet sub-cases and V 
For flavor breaking insertions in the kinetic terms, we can always re-diagonalize the fields with a finite renormalization and we neglect the resulting mass splittings, implicitly absorbing these splittings into the leading order mass definition for each flavor. The insertion of Yukawa matrices into the mass terms causes mass splittings among the different flavors.
We retain the leading flavor breaking due to the top or bottom Yukawa leading to the mass spectrum
Here we have used the conventions 
This transformation leaves the bare tree level mass terms of the B field (after EW symmetry breaking), m B , and the tree level mass of the vector field V 8 unchanged. We neglect the interaction terms in L Yuk , that are discussed in Ref. [11] , assuming the direct coupling to the light quarks is small enough that tree level vector exchanges can be neglected, and an oblique EWPD analysis is appropriate. Dijet constraints on the coupling of these fields to light quarks at LHC generically constrain this coupling to be ∼ O(0.1) which is consistent with this assumption. 6 Consistency of this analysis also requires we neglect the tree level exchanges O(g 2 κ 2 ) from the field redefinition of the B field in the covariant derivative in the quark kinetic terms. We also neglect O(β κ) contributions in the Lagrangian after the field redefinitions -these effects can be removed by a higher order re-diagonalization of the mass and kinetic operators. With these assumptions, the color singlet vector fields give contributions to the self-energies of the SM gauge bosons,
Here y is the appropriate Yukawa coupling. Only terms proportional to g µν are shown. 5 One can always reinterpret this parameter to correspond to a series of insertions β∆ C + β (∆ C ) 2 + · · · . 6 However, the coupling of these fields that involve the top quark could be far larger due to flavor splitting effects, allowing these fields to still explain the A tt F B anomaly while this EWPD analysis is appropriate; see [11] for a more detailed discussion.
B. Case VII
Case VII is a weak singlet, but has non-zero hypercharge, Y = −1. We expand the fields in terms of the color Gell-Mann matrices, τ A . V † µ = V µ because the V µ fields are in the (3, 3, 1 
where 
L c.t. contains all the terms needed to make this theory finite, which includes higherdimensional operators as the theory is non-renormalizable. See Section II E for details on these operators. The vector field multiplet contributions to the self-energies of the SM gauge bosons are,
where D(R C ) is the dimension of the color representation. Here s w , c w are the sine and cosine of the weak mixing angle with convention e = g 1 /c w , and g 1 is the hypercharge coupling. The form factors f, g, h are defined in the Appendix A.
C. Case IX
Case IX is a weak triplet that has zero hypercharge. In addition to being parameterized by τ A and t B for color and flavor, the fields are also parameterized using the Pauli matrices,
We suppress the color singlet, octet label on the field in this section for clarity 7 while including the SU L (2) index, the Lagrangians are
where
The mass splittings are the same as in Case VIII. In this section we neglect the effects of the kinetic mixing operator considering the case κ β, g 2 ξ, g 2 .
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The contributions to the self-energies of the SM gauge bosons are then
. 7 The κ, β operators are only for the singlet case as before. 8 The effect of the kinetic mixing with a nonabelian field has recently been studied in [24, 25] for example and our results can be directly extended to include kinetic mixing. Many of the effects of kinetic mixing can be absorbed into a redefinition of the remaining unknown parameters of this model once a diagonalization of the kinetic terms is undertaken. The transformation to canonical kinetic terms is exactly of the form given in Section II A for each isospin state when the kinetic mixing is not neglected.
D. Cases X and XI
These fields are SU L (2) doublets, flavor bi-fundamentals, and are in either the color sextet or anti-triplet representations, a = 6,3. The only difference between the two cases is they have different hypercharges, Y C = {−1/6, 5/6} for C = {X, XI}. The Lagrangians are
where Q± = Y ± 1/2. Note that if there were no mass splitting between the weak states then there would to no contribution to Π W 3 B because the interaction has the form 
The contribution of the vector fields to the self-energies of the SM gauge bosons are written in the electroweak basis in this case to reduce clutter,
where the sums over flavor f and weak L states run from 1 to 9 and 2 respectively. For contributions from Π W 3 B , it is the difference of weak states rather than the sum that contributes. The factor of (−1) L−1 accounts for this. For Π W W , there is no sum over weak state because both particles of the weak doublet need to be in the loop to conserve electric charge. Note that the mass splitting among weak states causes Π W W to be a function of both masses.
The S parameter is negative in certain regions of parameter space for cases X and XI.
For example, with ξ 1 = ξ 2 = 0 and m
E. Counterterms and Higher-Dimensional Operators
The vectors are effective fields, and the Lagrangians contain an infinite number of nonrenomalizable operators. At low scales, p, compared to the cutoff scale of the effective theory, Λ, the contribution of these terms to self-energies is suppressed by powers of (p/Λ) n . The ratio of scales can be set by the external momentum p 2 /Λ 2 or can be set by the ratio of other invariants m Being psuedo-obersevables, the STUVWX parameters must be free of divergences and independent of the renormalization point µ. Contributions to the self-energies have two origins. Contributions of the first kind contain no powers of momentum in the numerator from internal propagators. As expected, the resulting STUVWX parameters are finite and µ-independent. These are the only terms that would be found in a renormalizable theory. There is no need to add a field renormalization term, such as Z B B µν B µν , to the Lagrangian because its contribution to each of these parameters is identically zero.
The second type of contributions contain all of the other terms that come about from at least one propagator's p µ p ν piece. In this case, contributions to the STUVWX parameters are divergent and require higher-dimensional operators as counter terms. L With this understanding, the counterterms are
The divergences come in the form 2/ε−γ+ln (4πµ 2 /m 2 ) (using dimensional-regularization in D = 4 − ε dimensions) and we use the operators to cancel the divergences and µ dependence. In practice, we take µ = 1 TeV for numerical evaluations and include in our fit a finite contribution from one higher-dimensional operator to absorb the µ-dependence when a divergence is canceled by a higher dimensional operator.
III. FIT TO ELECTROWEAK PRECISION DATA
Electroweak precision data provides strong constraints on the MFV vectors under consideration. A convenient subset of the full set of corrections are the oblique corrections. Purely NP contributions to the self-energies of the electroweak gauge bosons can be written in the following form Π
When the masses of the new states are heavy compared to the EWSB scale, the vacuum polarizations can be expanded in momentum
and the STU parameters can be used. However, when one wishes to consider masses comparable to (or smaller than) the EWSB scale, this expansion in momentum becomes invalid. In that case, the STUWVX parameters (defined in [20] ), which do not expand in v 2 /m 2 N P , can be used and can be more constraining. The theoretical predictions of EWPD of the 2008 PDG [26] was used to perform a modern fit to the STUVWX parameters in Ref. [21] . The results of the fit are given in Table II 
mined by the minimum of
where y is a vector of the best-fit values of the STUVWX parameters, V −1 is the inverse of the covariance matrix V ij = σ i ρ ij σ j , and F(θ) is the corresponding vector of predicted values of the model. We determine the 1-and 2-σ confidence regions of allowed parameter space by requiring that the contribution of NP to χ 2 (θ) satisfy
where ∆χ 2 corresponds to the probability that the confidence region of parameter space determined with the cumulative distribution function and contains the best fit value of the parameters.
IV. RESULTS
In this section, constraints on flavor symmetric vectors are discussed on a case-by-case basis. Mass splittings among flavor states are generally assumed to be small and not relevant for these constraints. This follows from the fact that there are no loops with different flavor multiplet species to the approximation we work to, so the breaking of G F is not linked to the breaking of custodial symmetry SU C (2). Note however that in certain [21] . y is the best-fit value, and σ is the square root of the diagonal element of the determined covariance matrix.
FIG. 1:
In all of the plots, the green and yellow regions represent regions of parameter space that are allowed at 1-and 2-σ respectively. Also shown is the approximate bound from LEP due to multijet final states when the coupling to light quarks is not neglected.
Note that these bounds are complementary in that the oblique analysis fails in this case. In all of these color octet cases, EWPD does not place limits on the parameters of the model in the approximation that we are working to -the relevant operator is forbidden.
However, the absence of vector pair-production at LEP implies a kinematic bound for color singlet and octet vectors of at least m V > ∼ 105 GeV. When the direct coupling of the vectors to quarks is O(1), the experimental bound become stronger, m V > ∼ 150 GeV from anomalous multi-jet events at LEP [11] . We also include the latter bound in the figure. Dedicated collider searches can significantly raise these mass bounds. A strong correlation is required between ξ, m and Z 4 /Λ 2 for the allowed parameter space. This is illustrated in Fig. 5 for IX s . We do not find viable parameter space for IX o . 
D. Cases X and XI
There is no operator proportional to H † D µ H in these cases that directly violates SU C (2) and allows the Higgs mass to be raised. In cases X 6,3 the allowed parameter space dependence on the parameter ξ 1 is trivial, not showing a significant correlation with Z/Λ 2 , ξ 2 or m V . The correlation between ξ 2 and Z/Λ 2 in the allowed parameter space is shown in Fig. 6 . The allowed masses in a joint fit with fixed m h = 115 GeV is shown in Fig. 7 for model X3. For comparison the required correlations between the parameters for case XI3 are shown in Fig. 8 .
V. CONCLUSIONS
In this paper we have examined the constraints that oblique EWPD places on flavor symmetric vector fields. We have examined these constraints on the vector field multiplets that transform under the flavor group and couple to quark bi-linears at tree level, while not initially breaking the quark global flavor symmetry group. These extensions to the SM are treated as effective fields in fitting to oblique EWPD, including appropriate counterterms to make the EWPD pseudo-observables finite and renormalization scale independent when required. We have found that large regions of parameter space exist where a joint fit to these fields with the Higgs allows a good fit, while the masses of the vector multiplets are have been shown to be consistent with oblique EWPD constraints. Further dedicated studies of the constraints on these flavour multiplets from non oblique precision EW observables, such as R b , may provide stronger constraints on the allowed mass scales.
Dedicated direct collider studies of flavor safe vector fields also have to potential to raise the mass bounds on these models, or discover models of this form at LHC.
